1. Introduction {#sec1-ijms-17-00869}
===============

Interleukin 24 (IL-24) belongs to the IL-10 cytokine family, which consists of nine related molecules: IL-10, IL-19, IL-20, IL-22, IL-24, IL-26, IL-28A, IL-28B, and IL-29. These cytokines are classified into three subfamilies with different biological functions: The IL-10 subfamily represented by IL-10 itself; the IL-20 subfamily (IL-19, IL-20, IL-22, IL-24, and IL-26); and type III interferons (IFNs), IL-28A, IL-28B, and IL-29. IL-24 is released by both immune and non-immune cells \[[@B1-ijms-17-00869]\]. It is produced by peripheral blood mononuclear cells (PBMC), mostly monocytes, and T and B cells. Non-immune cells that secrete IL-24 include cultured melanocytes, dermal keratinocytes, and IL-1 stimulated human colonic subepithelial myofibroblasts (SEMFs) \[[@B2-ijms-17-00869]\].

In terms of its function, IL-24 possesses several major activities: It causes cancer-specific cell death when expressed at supra-physiologic levels; it exerts autoimmunity effects (psoriasis and other autoimmune disorders including rheumatoid arthritis, spondyloarthropathy, and inflammatory bowel disease); it suppresses keratinocyte proliferation during wound healing; it exerts a protective effect in cardiovascular disease and in bacterial infections. To carry out several of its functions, IL-24 can signal through two types of membrane receptors (IL-22R1/IL-20R2 and IL-20R1/IL-20R2) with concurrent activation of the Janus kinase (JAK)/signal transducer and activator of transcription (STAT) pathway within their cytoplasmic domains \[[@B3-ijms-17-00869]\].

2. The Cellular Sources of IL-24 Expression {#sec2-ijms-17-00869}
===========================================

IL-24 is produced by immune cells, such as myeloid cells and lymphoid cells \[[@B4-ijms-17-00869]\]. Based on *in vitro* experiments with established cell lines and primary cells cultures from patients, and animal studies, epithelial cells secrete IL-24 in response cytokine stimulation. Myeloid cells also produce IL-24 in response to microbial products, such as lipopolysaccharides (LPS), through the activation of Toll-like receptors (TLRs). In monocytes, the expression of IL-24 is induced by LPS, concanavalin A or cytokines \[[@B3-ijms-17-00869]\]. To prevent uncontrolled T cell responses, it has been shown that IL-24 directly acts on T cells to possibly dampen the first rounds of CD8 cell expansion to avoid uncontrolled T cell responses \[[@B5-ijms-17-00869]\]. Additionally, B lymphocytes induce the expression of IL-24 after combined anti-IgM and CD40-L stimulation \[[@B6-ijms-17-00869]\]. In response to cytokines secreted by immune cells, non-lymphoid cells can also produce IL-24. Melanocytes produce physiological levels of IL-24, whereby its expression progressively decreases during the transformation of melanocytic cells to metastatic melanoma \[[@B7-ijms-17-00869]\]. IL-1β stimulation also increases IL-24 expression in keratinocytes and human colonic SEMFs \[[@B2-ijms-17-00869]\]. [Table 1](#ijms-17-00869-t001){ref-type="table"} summarizes the celluar sources and targets of IL-24.

3. IL-24 and Its Receptors {#sec3-ijms-17-00869}
==========================

Numerous investigations, including expression profiling in patients' cells and *in vitro* and animal experiments, suggest that IL-24's functions of which includes antibacterial responses, tissue remodeling, wound healing, and anti-tumor effects, require different heterodimeric receptors. IL-24 signals through the IL-20 receptor β-subunit (IL-20RB). IL-20RB can form a functional heterodimeric receptor with either the IL-20 receptor α-subunit (IL-20RA), or with the α1 subunit of the IL-22 receptor (IL-22RA1) \[[@B8-ijms-17-00869]\]. [Figure 1](#ijms-17-00869-f001){ref-type="fig"} illustrates the three-dimensional structure of IL-24 and its IL-20 receptor. Signaling induced by IL-24 binding to the IL-20 receptor complex is known to occur primarily via the JAK pathway and subsequent activation of STAT 1 and 3 signaling pathways \[[@B9-ijms-17-00869]\]. Additionally, IL-24 activates extracellular signal-regulated kinases (ERKs), JUN N-terminal kinase (JNK) and p38 mitogen-activated protein kinase (p38MAPK) pathways \[[@B10-ijms-17-00869]\]. The expression of IL-20RA and IL-22RA1 receptors is limited to certain tissues and they are mostly absent from hematopoietic lineages. IL-22RA1 is highly expressed in the skin, pancreas, liver, kidneys and intestine (Reviewed in \[[@B11-ijms-17-00869]\]). IL-20RA and IL-20RB are present in the skin, lungs, ovary, testes and placenta, but their expression is low in the intestine and liver (Reviewed in \[[@B12-ijms-17-00869]\]). In addition to these functional receptors, the Sigma 1 Receptor (Sig1R), is overexpressed in cancer cells \[[@B13-ijms-17-00869]\]. IL-24 binds to Sig1R, and this initial binding is key in IL-24-cancer-specific apoptosis, as we have shown \[[@B14-ijms-17-00869]\]. Interestingly, Sig1R is a unique protein that can modulate many biological mechanisms associated with inflammation and cancer-specific apoptosis.

In accordance with what has been observed with IL-24, the combination of immunosuppression and anti-inflammatory properties makes Sig1R ligands attractive molecules for therapeutic applications like in autoimmune diseases where both immune and inflammatory processes are involved. Interestingly, Sig1R is known to translocate and remodel the plasma membrane \[[@B15-ijms-17-00869]\]. Accumulating evidence indicates that Sig1R is overexpressed in many cancer cell lines, and contributes to the invasion and metastasis in many human tumors. Aydar *et al.* demonstrated that Sig1R is associated with β~1~ integrin in lipid cholesterol-enriched rafts in breast cancer cells \[[@B16-ijms-17-00869]\]. In response to environmental conditions encountered in cancer tissue, Sig1R may dynamically trigger various adaptation mechanisms, which is tightly dependent on the client protein available in a given tumor cell type. The discovery of surface localization of BiP and Sig1R in cancer cells reveals potential novel functions, interactions with cell-surface receptors, and possible therapeutic implications \[[@B17-ijms-17-00869]\]. Therefore, it is tempting to speculate that IL-24 protein binds to Sig1R in the plasma membrane, a possibility we are currently addressing. We have demonstrated that Sig1R is the upstream initial signal transduction molecule common to cascades of events involving IL-24-induced endoplasmic reticulum stress (ER-stress) dependent and independent downstream pathways \[[@B14-ijms-17-00869]\]. In summary, the identification of Sig1R as a key initial mediator of IL-24-cancer-specific apoptosis significantly broadens the therapeutic potential of Sig1R and IL-24 for tumors and provides important knowledge for our understanding of IL-24 as an immune modulating cytokine.

4. Interleukin-24 in Cancer {#sec4-ijms-17-00869}
===========================

IL-24 is an immunomodulatory cytokine which can also display broad cancer-specific suppressor effects. The tumor suppressor activities of IL-24 include inhibition of angiogenesis, sensitization to chemotherapy, and induction of cancer-specific apoptosis. Given its ubiquitous apoptotic effect on malignant cells, lack of an effect on normal cells, and absence of significant side effects, IL-24 is an important candidate for cancer therapy. Early-phase I human studies have shown encouraging results \[[@B18-ijms-17-00869],[@B19-ijms-17-00869]\]. Our previous studies have shown that a non-replicating adenoviral vector expressing IL-24 (Ad.IL-24) induces apoptosis selectively in cancer cells through IL-20 receptor-dependent, JAK/STAT-independent and MAPK-dependent pathways \[[@B9-ijms-17-00869]\]. We have demonstrated that IL-24 is able to induce apoptosis via both intracellular and extracellular signaling mechanisms \[[@B20-ijms-17-00869]\]. In addition, we have shown that Ad.IL-24 and IL-24 protein (generated from Ad.IL-24-infected cells) display a broad cancer-specific pro-apoptotic activity through induction of ER stress, and ceramide production \[[@B21-ijms-17-00869]\]. Moreover, we have established that production of ceramide and induction of ER stress following Ad.IL-24 infection or IL-24 treatment occurs specifically in cancer but not in normal cells. In addition, secreted IL-24 protein induces a robust expression of endogenous IL-24 and subsequent induction of tumor-specific killing through an ER stress-mediated pathway as well as by ROS production \[[@B22-ijms-17-00869]\]. Specifically, IL-24 protein induces stabilization of its own mRNA without activating its promoter. We have also shown that Ad.IL-24 induces p38MAPK \[[@B23-ijms-17-00869]\]. Consistent with these reports, Otkjaer and colleagues have recently shown that p38MAPK regulates IL-24 expression by stabilization of the 3′UTR of their mRNA \[[@B24-ijms-17-00869]\]. In recent years, a consensus has established that ER stress is the initial pathway in IL-24-induced apoptosis.

The IL-24 gene can also be alternatively spliced producing different isoforms of IL-24. FISP, the IL-24 murine homolog in T helper 2 lymphocytes, is also alternatively spliced. The FISP-sp isoform, which has 29 nucleotides deleted from the 5′-end of exon 4, has been shown to dimerize with full length IL-24 to antagonize its apoptotic activity *in vivo* \[[@B25-ijms-17-00869]\]. In a human osteosarcoma U2OS cell line, Whitaker *et al.* were able to identify and characterize five alternatively spliced variants \[[@B26-ijms-17-00869]\]. One of these variants, mda-7/IL-24δ2,3,5, induced higher levels of apoptosis in the U2OS cancer cells compared to full-length IL-24 as evidenced by caspase 3 and 7 activation. Mda-7/IL-24δ2,3,5 lacks exons 2, 3, and 5 and has been shown to be favorably expressed over full-length IL-24 when splice factor SRp55 protein levels are increased \[[@B27-ijms-17-00869]\].

Secreted IL-24 protein, generated from Ad.IL-24-infected cells, promotes anti-angiogenic, immunostimulatory, radiosensitizing and "bystander" antitumor activities. IL-24 stimulates the immune system to generate secondary cytokines, such as TNF-α, IFN-c, and IL-1, which evoke an antitumor immune response \[[@B28-ijms-17-00869]\]. Secreted IL-24 protein, generated from Ad.IL-24-infected cells, exerts anti-angiogenic activity by inhibiting endothelial cell differentiation and by blocking the activities of VEGF and TGF-α via inhibition of Src activity within tumor cells \[[@B29-ijms-17-00869]\]. We have demonstrated that IL-24 protein generates additional molecules of IL-24, inducing more ER-stress and culminating in an untenable imbalance resulting in apoptosis in cancer cells \[[@B22-ijms-17-00869]\]. Specifically, exogenous IL-24 protein induces growth inhibition and apoptosis only in cancer cells through a mechanism identical to Ad.IL-24 infection. These findings have important implications for our understanding of IL-24 as a tumor suppressor protein as well as an immune modulating cytokine.

More recently, we have shown that Sigma 1 Receptor (Sig1R) interacts with IL-24 and that this IL-24:Sig1R interaction mediates, and is critical, for apoptosis induction by IL-24 \[[@B14-ijms-17-00869]\]. These studies defined Sig1R as a key initial mediator of IL-24 induction of cancer-specific cell killing and have important implications for understanding IL-24 as a tumor suppressor protein, as well as an immune modulating cytokine. In addition to virus-administered IL-24, recombinant IL-24 protein induces apoptosis, inhibition of angiogenesis, sensitization to chemotherapy, and immunotherapeutic properties. Phase I trials of intratumoral injections of Ad.IL-24 (INGN241) have demonstrated that Ad.IL-24 is well tolerated and induces apoptosis in tumor cells with s significant clinical activity \[[@B18-ijms-17-00869]\]. Similar results were seen in a dose-escalation study of Ad.IL-24 where tumor cells underwent apoptosis in patients after successful gene transfer of IL-24. \[[@B19-ijms-17-00869]\]. The transition of IL-24 into a phase II clinical trial reinforces the hypothesis that IL-24 is safe and affords remarkable potential as a cancer gene therapeutic agent \[[@B30-ijms-17-00869]\].

Oncolytic adenoviruses (OAs) expressing IL-24 have also been used to treat a variety of human cancer cell lines with no effect on normal cells. OAs replicate selectively in tumor cells and function to direct the host's innate and adaptive immune responses to the tumor (Reviewed in \[[@B31-ijms-17-00869]\]). Potent antitumor activity of OAs expressing IL-24 has been described in colorectal, hepatocellular, nasopharyngeal, lung, and cervical carcinomas, melanoma, and in a pancreatic cancer model in mice \[[@B32-ijms-17-00869],[@B33-ijms-17-00869],[@B34-ijms-17-00869],[@B35-ijms-17-00869],[@B36-ijms-17-00869],[@B37-ijms-17-00869],[@B38-ijms-17-00869]\]. Several studies have also reported increased sensitivity of human liver, lung, colorectal, cervical, nasopharyngeal and osteosarcoma cancer cells to therapeutic drugs when treated with OAs expressing IL-24 \[[@B39-ijms-17-00869],[@B40-ijms-17-00869],[@B41-ijms-17-00869]\]. These drugs include cisplatin, dichloroacetate, temozolomide, and doxorubicin. In a mouse model, oncolytic adenovirus expressing both miRNA-34a and the IL-24 gene was shown to induce antitumor activity in xenograft hepatoceullar carcinoma tumors \[[@B42-ijms-17-00869]\]. While these results are promising, further *in vivo* studies examining the efficacy of OAs expressing IL-24 are needed.

An important question, which remained unresolved, is why IL-24 has the abilities to selectively induce apoptosis in a large spectrum of human cancer-derived cell lines without harming normal cells. One possible reason for this differential killing effect involves inherent biochemical differences between normal and cancer cells (ER stress, ROS production and ceramide), another possibility is that IL-24 is able to target a molecule that only triggers apoptosis in cancer cells. The third option for this differential killing effect is that both of the above hypotheses are correct. The molecular properties of IL-24 and associated pathways will need to be analyzed in much greater detail to fully understand this cytokine. We therefore searched for a candidate molecule that can consolidate the entire signal transduction pathway triggered by IL-24. In particular, it is postulated that IL-24 not only triggers ER stress and its downstream molecules (ROS, ceramide, calcium mobilization) but that IL-24 can also regulate gene products involved in invasion (β-catenin, FAK, and PI3K/PKB), angiogenesis (VEGF and TGF-β), and metastasis (β-integrin). Notably, IL-24 activates TRAIL and Fas-FasL (Reviewed in \[[@B43-ijms-17-00869],[@B44-ijms-17-00869]\]). This is remarkably similar to the effects reported for Sigma 1 Receptor antagonists \[[@B45-ijms-17-00869]\]. Furthermore, recent studies identified that Sigma 1 Receptor binds to BiP \[[@B17-ijms-17-00869]\] and regulates ER stress, calcium mobilization, and ROS production \[[@B14-ijms-17-00869]\]. Our studies define Sigma 1 Receptor as a key initial mediator of IL-24 induction of cancer- specific killing.

5. Anti-Angiogenic Properties of IL-24 {#sec5-ijms-17-00869}
======================================

Ramesh *et al.* demonstrated for the first time that IL-24-mediates anti-angiogenic activity in lung tumor xenograft by reducing the number of CD31 positive endothelial cells, a marker indicative of reduced blood vessels in the tumor \[[@B29-ijms-17-00869]\]. Similarly, it has been shown that addition of purified human IL-24 protein to human umbilical vein endothelial cells (HUVEC) and human lung microvascular endothelial cells (HMVEC-L) exerts an inhibitory effect on endothelial cell differentiation (ECD) but not endothelial cell proliferation. *In vitro* studies clearly reveal that IL-24 induces an inhibitory effect on endothelial cell differentiation in human umbilical vein endothelial cells (HUVEC) through a IL-22R-dependent and Akt/mTOR-dependent pathways.

In addition to reduced number of CD31 positive endothelial cells, inhibition on endothelial cell differentiation IL-24 can also modulate angiogenesis by suppressing growth factors, such as vascular endothelial growth factor (VEGF), IL-8, fibroblast growth factor (FGF) and transforming growth factor (TGF), produced by tumor cells \[[@B29-ijms-17-00869]\]. These findings demonstrated that IL-24 protein directly possess anti-angiogenic activity.

6. Metastasis {#sec6-ijms-17-00869}
=============

IL-24 inhibits the production of matrix metalloproteinase (MMP)-2, -9, and focal adhesion (FAK) protein expression, essential mediators for metastasis progression \[[@B46-ijms-17-00869]\]. Besides these suppressive activities, IL-24 favors E-Cadherin expression \[[@B47-ijms-17-00869]\]. E-Cadherin represents a family of membrane receptors that mediate calcium-dependent homophilic cell-to-cell adhesion. In addition, the inhibitory activity of IL-24 on cell migration and invasion is mediated via inhibition of PI3K-AKT-mTOR and Wnt signaling pathways \[[@B48-ijms-17-00869],[@B49-ijms-17-00869]\]. IL-24 can also inhibit the Akt/mTOR pathway by inhibiting the CXCR4/CXCL12 pathway \[[@B50-ijms-17-00869],[@B51-ijms-17-00869]\]. Overall, these studies show that IL-24 is an important anti-metastatic molecule.

7. IL-24 and Inflammatory Diseases {#sec7-ijms-17-00869}
==================================

Various lines of evidence indicate that IL-24 plays a role in immune-pathological diseases, including psoriasis, rheumatoid arthritis, and inflammatory bowel disease (IBD).

7.1. Psoriasis {#sec7dot1-ijms-17-00869}
--------------

Psoriasis is a chronic inflammatory skin condition resulting from a complex interplay among the immune system, keratinocytes, susceptibility genes, and environmental factors. The presence of IL-24 along with IL-19 and IL-20 has been observed in psoriatic skin lesions via *in situ* hybridization assays where increased expression of IL-24 has been detected in psoriatic skin compared to normal skin \[[@B52-ijms-17-00869]\]. IL-24 induces several psoriasis-associated factors that promote inflammation and epidermal hyperplasia, such as chemokines, pro-inflammatory cytokines, S100 family proteins, β-defensins and proteins involved in tissue remodeling, including marapsin (also known as PRSS27) and the kallikreins \[[@B53-ijms-17-00869]\].

It has been demonstrated that overexpression of IL-24 in transgenic mice lead to the development of skin lesions similar to those seen in human psoriasis \[[@B52-ijms-17-00869]\]. IL-24 transgenic mice exhibited infiltrating macrophages in the dermis with concomitant increases in monocyte chemoattractant protein-1 (MCP-1), a key chemokine that regulates migration and infiltration of monocytes/macrophages from both keratinocytes in the epidermis and immune infiltrates in the adjacent dermal layer below. It has been suggested that NF-κB plays a role in inflammatory processes through the observation that epidermis-specific inhibition of NF-κB activates STAT3 and increases IL-24 expression in TNF-stimulated human primary keratinocytes. It was demonstrated that skin treated with anti-TNF exhibits a downregulation of IL-24 expression in psoriasis patients, making the epidermal keratinocyte a direct target of pathogenic TNF signaling in psoriasis. Altogether, the studies of psoriasis and IL-24 support the idea that IL-24 plays a significant role in the expression of pro-inflammatory mediators resulting in psoriatic skin lesions thus, providing evidence that IL-24 is a key factor in the initiation of psoriasis.

7.2. Rheumatoid Arthritis {#sec7dot2-ijms-17-00869}
-------------------------

Rheumatoid arthritis (RA) is a chronic autoimmune disorder that primarily affects joints. RA typically manifests with signs of inflammation, with the affected joints being swollen, warm, painful and stiff. Kragstrup *et al.* first demonstrated the association between IL-24 expression and rheumatic diseases, specifically RA and spondyloarthropathy \[[@B54-ijms-17-00869]\]. Spondyloarthropathy (SpA) is a group of related diseases that exhibit spinal inflammation and peripheral joint oligoarthritis. The related diseases include psoriatic arthritis, reactive arthritis, and entereopathic arthritis associated with inflammatory bowel disease. It was found that IL-24 protein was 1.5- to 2.5-fold higher in the synovial fluid samples from patients with RA and SpA in comparison to samples from healthy control and non-inflammatory disease patients. The authors also studied the levels of IL-20 in the synovial fluid samples since both IL-20 and IL-24 share receptor complexes, IL-20R1/IL-20R2 and IL-22R/IL-20R2. When compared to IL-20, the level of IL-24 was approximately 10-fold higher in the synovial fluid of RA and SpA patients indicating that IL-24 may be playing a more active role in the joint. Immunohistochemistry analysis demonstrated that IL-24 was detectable in the endothelial cells of the synovial blood vessels and mononuclear cells of all synovial membranes from RA patients. IL-24 and IL-20 was found to induce the production of MCP-1 in synovial fluid mononuclear cell cultures. Furthermore, a significant positive correlation was found between IL-24 and IL-20 concentrations and MCP-1 concentration in synovial fluid and plasma samples of both RA and SpA patients. Clearly, IL-24 is associated with RA diseases but more research is required to fully understand the biology of IL-24 in rheumatoid arthritis.

7.3. Inflammatory Bowel Disease {#sec7dot3-ijms-17-00869}
-------------------------------

Inflammatory Bowel Disease (IBD) is a chronic, relapsing inflammatory disorder of the gastrointestinal tract, which mainly includes ulcerative colitis and Crohn's disease. It is thought that IBD is triggered by abnormalities in genetic and environmental factors. Andoh *et al.* demonstrated expression of IL-24 in inflamed mucosa of IBD patients and showed that IL-24 stimulates MUC gene expression via JAK1/STAT3 activation, contributing to a protective role in the mucosa from IBD patients \[[@B2-ijms-17-00869]\]. In particular, colonic epithelial cells are targets of IL-24 in the mucosa and IL-24 plays anti-inflammatory and protective roles in intestinal mucosa. More recently, a clinical study demonstrated expression of IL-19 and IL-24 at the gene and protein expression levels in tissue and peripheral cells of patients exhibiting active or inactive Crohn's Disease (CD) or active or inactive ulcerative colitis (UC) \[[@B55-ijms-17-00869]\]. The study found that IL-19 and IL-24 gene expression was upregulated in patients with active IBD *versus* the inactive disease and non-inflammatory control groups. In addition, cells producing IL-24 and IL-19 were increased in active Crohn's Disease patients in comparison to control patients and those with active ulcerative colitis. IL-24 was synthesized by peripheral B cells, CD4+ T cells, CD8+ T cells and monocytes in patients with active disease. Overall, IL-24 can promote a suppressive inflammatory effect on colonic epithelial cells and mucosal inflammation in IBD.

8. IL-24 in Host Defense {#sec8-ijms-17-00869}
========================

IL-24 induces innate defense mechanisms in epithelial tissues, during infection and inflammation, and restores tissue homeostasis. This function is mediated by promoting the production of various antimicrobial peptides including S100 family proteins, the calprotectin subunits S100A8 and S100A9 \[[@B56-ijms-17-00869]\]. By inducing cytokine and chemokine production in epithelial cells, IL-24 facilitates the recruitment and activation of leukocytes at the site of inflammation \[[@B57-ijms-17-00869]\].

IL-24 also plays a role in host defense during bacterial infections. IL-24 has been shown to have a protective effect against *Salmonella typhimurium* infection in a mouse model of typhoid fever \[[@B58-ijms-17-00869]\]. In this role, IL-24 activates CD8+ T cells by stimulating neutrophil production of IFN-γ and IL-12 cytokines and nitric oxide leading to host resistance against Salmonella infection *in vivo*. In response to *Pseudomonas aeruginosa* infection, tracheal gland cells, which may play a key role in the pathogenesis of cystic fibrosis, strongly upregulate IL-24 expression among other IFN-γ associated genes \[[@B59-ijms-17-00869]\]. The relationship between IFN-γ expression and IL-24 has also been reported in patients infected with *Mycobacterium tuberculosis* \[[@B60-ijms-17-00869]\]. In comparison to individuals with latent tuberculosis infection, peripheral blood mononuclear cells (PMBCs) from tuberculosis patients had lower levels of IL-24 and IFN-γ. Exogenous addition of IL-24 to (PMBCs) from tuberculosis patients increased the expression of IL-12 family cytokines, including IL-12α, IL-12β, IL-23α and IL-27 leading to the increase of IFN-γ expression indicating that IL-24 plays a role in the immune response following infection with *M. tuberculosis*.

In addition to playing a protective role in the host defense in epithelial tissues during infection, IL-24 is activated during *Staphylococci* infections of the skin \[[@B61-ijms-17-00869]\]. In particular, when *S. aureus* infects the skin, the host-defense response is dependent on the early production by skin cells of IL-1β and IL-17 (Reviewed in \[[@B62-ijms-17-00869],[@B63-ijms-17-00869]\]), leading to neutrophil recruitment. Interestingly, IL-24 is induced locally by *S. aureus*, inhibits IL-1β and IL-17 production, leading to more severe infection and reduced neutrophil recruitment \[[@B64-ijms-17-00869]\]. This gives IL-24 a dual-role in host defense, where it can be both protective and antagonistic depending on the type of bacterial infection.

9. Wound Repair {#sec9-ijms-17-00869}
===============

IL-24 has been found to be in wounds in migrating keratinocytes but not in the proliferating cells at the dermal-epidermal junction \[[@B65-ijms-17-00869]\]. Normal healthy human skin samples do not exhibit IL-24 expression in keratinocytes. The expression of IL-1β, an important mediator of the inflammatory response, has been shown to increase the expression of IL-24 by 10-fold in keratinocytes. Poindexter *et al.* observed that IL-24 plays a role in preventing the proliferation and migration of keratinocytes by inhibiting TGFα \[[@B66-ijms-17-00869]\]. Wounded human biopsy samples immunostained for IL-24 displayed positive staining in macrophages and keratinocytes. Several cytokines and growth factors, TGFα, TGFβ, IFNβ and IFNγ stimulated the secretion of IL-24 in natural human epidermal keratinocytes (NHEKs). *In vitro* assays also determined that when TGFα was added to wounded NHEKs cells, IL-24 interfered with the ligand's rapid wound closure activity and prevented migration of the keratinocytes. Inhibitors of IL-24 and its receptor subunits, IL-20R1 and IL-22R1, were also used to confirm that IL-24 was inhibiting the activity of TGFα. Inhibiting IL-20R1 allowed wound closure in the presence of TGFα. Thus, IL-24 signals through IL-20R1/IL-20R2 to inhibit migration of keratinocytes. Migration and proliferation assays further showed that IL-24 blocks the proliferation and migration of TGFα treated NHEKs. A more recent study has shown that in human acute and chronic wound tissues, IL-24 significantly slows the migration of keratinocytes and this inhibition is mediated through an AKT-dependent pathway \[[@B65-ijms-17-00869]\]. On the contrary, IL-24 has been shown to promote migration in human vascular endothelial cells (HECV) \[[@B67-ijms-17-00869]\]. The authors of this study suggest that the pro-migratory effect may be related to AKT signaling because they found that treatment with a small-molecule AKT inhibitor could partially reduce the pro-migratory effects. Further research would need to be done to confirm this effect but overall it seems that IL-24 contributes to both pro- and anti-migratory effects depending on tissue or cell type, or the presence of growth factors. Recombinant IL-24 has also been demonstrated to induce pro-migratory effects of monocytes and neutrophils *in vitro* \[[@B4-ijms-17-00869]\]. In the presence of pertussis toxin, migration was reduced suggesting that G-coupled receptors may also be involved in the pro-migratory activity of IL-24.

Overall, although elevated levels of IL-24 and its receptor are induced in wounded skin in both mice and humans, it is not completely clear the role IL-24 plays in wound healing. IL-24 accelerates inflammation by stimulating keratinocytes to express chemokines and cytokines that recruit macrophages and other leukocytes. Additionally, IL-24 promotes re-epithelialization process by acting on epidermal keratinocytes through the induction of keratinocyte growth factor (KGR, also known as FGF7). Although those responses favor the hypothesis that IL-24 is beneficial for wound closure, on the other hand, IL-24 appears to promote wound chronicity via its inhibitory effect on the migratory behavior of human keratinocytes, mediated through an AKT-dependent pathway. It is temping to speculate that uncontrolled tissue repair processes triggered by IL-24 cause this latter effect.

10. Cardiovascular Disease {#sec10-ijms-17-00869}
==========================

One hallmark of cardiovascular disease is vascular calcification, which is the regulated process of biomineralization of vascular smooth muscle cells (VSMCs) similar to bone mineralization in osteogenesis. It is a clinical indicator of atherosclerosis and correlates greatly with cardiovascular disease mortality. Lee *et al.* performed a study to examine the role of IL-24 in cardiovascular disease, specifically VMSC calcification \[[@B68-ijms-17-00869]\]. In a β-glycerophosphate (β-GP)-induced rat VSMC calcification model, recombinant human IL-24 was shown to inhibit β-GP-induced VSMC calcification. The authors showed that IL-24 suppressed β-GP-induced apoptosis of VSMCs and inhibited the expression of calcification and osteoblast markers by downregulating Bone morphogenic protein- 2 (BMP-2) and the Wnt/β-catenin pathway, which is important in the pathogenesis of both atherosclerosis and cancer. These results indicate a novel protective role of IL-24 in cardiovascular disease.

In another study, genetically engineered adenovirus modified to deliver IL-24 (Ad.IL-24) was also found to selectively suppress the growth and migration of rat pulmonary arterial smooth muscle (PAC1) cells *in vitro* \[[@B69-ijms-17-00869]\]. In an atypical PAC1 cell line containing chromosomal aberrations treated with Ad.IL-24, both early and late apoptotic activity was detected. These results suggest that IL-24 could be used as a treatment for vascular proliferative disorders. Lee *et al.* later showed that exogenous administration of IL-24 attenuated the expression of vascular inflammation and hypertension-related genes in mouse vascular smooth muscle (MOVAS) cells \[[@B70-ijms-17-00869]\]. Like vascular calcification, hypertension is also a hallmark of cardiovascular disease. In spontaneously hypertensive rats, 16 differentially regulated genes were identified including IL-24, which were previously not implicated in cardiovascular disease. IL-24 also regulates the expression of inflammation- and hypertension-related genes, such as angiotensinogen, endothelin-1, ATRAP and PDGF in H~2~O~2~ treated MOVAS cells. Overall, these studies suggest that IL-24 may be a novel therapeutic target for cardiovascular disease and/or hypertension.

One recent study has suggested that IL-24 polymorphisms are associated with metabolic and cardiovascular risk factors \[[@B71-ijms-17-00869]\]. The study analyzed genetic factors of premature coronary artery disease (CAD) patients and those with subclinical atherosclerosis (SA). All participants were of Mexican Mestizo descent. The findings revealed an association of four polymorphisms of IL-24 (rs1150253, rs1150256, rs1150258, rs3762344) with cardiovascular risk factors in all categories of participants. Specifically, rs1150253 and rs1150258 polymorphisms produce DNA binding sites for some transcriptional factors suggesting that these IL-24 polymorphisms are associated with cardiovascular risk factors in the studied population.

Based on the current literature, it seems that IL-24 has a diverse role in cardiovascular disease. IL-24 has been shown to suppress calcification and osteoblast marker expression to promote the growth of vascular smooth muscle cells, which associates it to the pathogenesis of atherosclerosis. Conversely, IL-24 has been shown to selectivity inhibit rat pulmonary arterial smooth muscle cells indicating a possible role for it in the treatment of vascular disorders. In addition, IL-24 polymorphisms have been linked to cardiovascular and metabolic risk factors supporting the relationship between IL-24 and inflammatory diseases.

11. Discussion {#sec11-ijms-17-00869}
==============

IL-24 is a pleiotropic cytokine with effects on numerous cell populations including immune cells, epithelial cells, and cancer cells. IL-24 displays a broad range of activities including antibacterial responses, tissue remodeling, wound healing, and anti-tumor effects. The effects of IL-24 seem to be quite complex because its role can vary depending on the cellular source, target, and phase of the immune response. Overall, we can consider IL-24 as an immunoregulatory cytokine and as an antitumor molecule with a broad range of activities including, cancer-specific induction of apoptosis and inhibition of tumor angiogenesis. IL-24 actions rely on the binding to its molecular partners including BiP/GRP78 \[[@B72-ijms-17-00869]\], Sig1R \[[@B14-ijms-17-00869]\], IL-20 Receptors \[[@B3-ijms-17-00869]\], and dsRNA-dependent protein kinase (PKR) \[[@B73-ijms-17-00869]\]. It remains unclear whether the antitumor effects of IL-24 reflect its other biological functions. The molecular properties of IL-24 and associated pathways will need to be analyzed in much greater detail to fully understand this cytokine.

Overall, it can be seen that both the endoplasmic reticulum stress pathway and inflammation has an important role in IL-24 functions. ER stress and inflammation are related in a way that, under acute triggers, they function to safeguard cellular viability. However, when chronically induced, ER stress and inflammation are destructive and go beyond physiological control. ER stress-induced inflammation primarily serves to limit the tissue damage and facilitate tissue repair, however, it largely depends on the target cell type, the disease stage, and the type of ER stressor. It is anticipated that further clarification of the molecular events associated with IL-24 will enable novel avenues for therapeutic intervention in both cancer and inflammatory diseases.
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![Three-dimensional structure of hIL-24 with its IL-20R receptor. Using the known crystal structures of IL-19, IL-22, and IL-20, a stable three-dimensional structure of human IL-24 (hIL-24) was obtained using computer modeling. When bound to each other, IL-20R receptor chain (yellow and pink) and hIL-24 share eight hydrogen bonds and 102 non-bonded interactions similar to IL-20 and IL-20R receptor chain \[[@B74-ijms-17-00869]\].](ijms-17-00869-g001){#ijms-17-00869-f001}

ijms-17-00869-t001_Table 1

###### 

Cellular sources and targets of IL-24.

  Inducers of Expression   Cellular Sources            Transcription Factors   Receptor
  ------------------------ --------------------------- ----------------------- -----------------
  IL-1β                    Monocytes                   Jak1                    IL-20R1/IL-20R2
  IL-17                    Melanocytes                 Tyrosine kinase 2       IL-22R1/IL-20R2
  IL-22                    TH2 lymphocytes             Stat 1                  \-
  LPS                      Fibroblasts Keratinocytes   Stat 3                  \-
